The efficiency of ultrasonication technique to disperse nanoclay in polyvinyl acetate (PVA) was examined. A hydrophilic nanoclay was added to PVA, and its effects on bond strength of wood joints were determined. The results of bond strength measured on block shear tests showed that nanoclay increased the bond strength of wood joints, especially in humid conditions. Atomic force microscopy (AFM) proved that it can be used to examine the quality of nanoclay dispersion in a matrix very precisely. The results of this study showed that ultrasonication technique is efficient in mixing nanoclay with the PVA matrix.
Introduction
Adhesives are among some of the most widely used components in structural materials due to the wide range of formulations that can be realized, providing a range of properties under conditions that other joining techniques cannot offer. Commercialization of wood adhesives in the mid 1950s generated a momentum for wood industries to diversify their products and enter into wider markets. Construction field was one of the markets which became more accessible to wood industries. Using adhesives allowed the manufacturers to fabricate wood composites with different sizes and shapes for the construction while maximizing resource utilization.
The price of wood adhesives covers an important part of production cost of wood products. As like any other industries, wood industries wish to bring down production costs in order to maximize profits. One of the means to cut the cost is to use low-cost adhesives in fabrication of the products. Low-cost adhesives usually have inferior properties. One of the examples of low-cost adhesives is polyvinyl acetate (PVA) which has been traditionally used for furniture assembly. As a wood adhesive, PVA has many advantages: nontoxic, with low negative impact on the environment, easy to use, and with low volatile organic compounds (VOCs) emissions. However, PVA has low performance towards water ingress and high temperatures as well as low creep resistance. The vulnerability stems from the fact that PVA is a linear amorphous polymer with weak polar interaction among the molecular chains, which results in a relatively low glass-transition temperature ( ), near 28 ∘ C. Low-cost and simplicity of the application of PVA have convinced some wood products manufacturers to use PVA as an adhesive in the production of wood components for structures, despite the fact that PVA is not a heat-resistant adhesive. Using PVA as a structural adhesive puts the safety of home owners and fire fighters at risk as there is a higher probability of creep and sudden collapse of wood structures at high temperatures. In the past research, water resistance of PVA was mostly addressed, and little work has been done about heat resistance of PVA. Researchers have proposed some solutions to improve the properties of PVA. The solutions can be divided to two groups: (1) copolymerizing PVA with more hydrophobic or functional monomers [1] [2] [3] and (2) blending PVA with other adhesives or hardeners [4] [5] [6] [7] [8] [9] [10] [11] .
Introduction of nanotechnology has opened a new opportunity to develop new generation of adhesives with properties that cannot be gained by conventional methods. The 2 Journal of Nanomaterials incorporation of nanoparticles into a polymer matrix can lead to a simultaneous improvement of different material properties [12, 13] . The development of nanoparticles-reinforced adhesive materials is presently one of the most explored areas in materials science and engineering. The exceptional properties of nanoparticles have led to widespread research in this area. Nanofillers provide many advantages over classical microreinforcements for adhesive materials; for example, they allow thin bond lines and consequently lower the risk of embrittlement within the bulk adhesive material, resulting in improved adhesive tensile strength [14] . Nanocomposites, with dispersed nanoparticles, have been studied extensively due to their capability to improve mechanical, physical, thermal, and barrier properties with very low nanoparticles loading of 1-5 wt% [15] [16] [17] . For such composites, montmorillonite (MMT) and other clay nanoparticles have been used by many researchers [18] [19] [20] [21] [22] [23] [24] [25] . With a structure of stacked platelets and one dimension of the platelet in the nanometer scale, MMT has a high aspect ratio and specific surface when exfoliated. If the platelets are dispersed properly, its nanosize can provide a significant amount of interface between the clay and the matrix resin with only a small weight percentage of MMT, thus contributing to the excellent mechanical and physical properties of the nanocomposites.
Exfoliating the layered structure of the MMT within a given matrix is crucial to improving the properties of a polymer. Usually dispersing the layered structure of the MMT is a challenge. Nanocomposite formation involves the migration or diffusion of the polymer into the interlayer galleries of the layered silicate which push apart or swell the silicate layers. There are some techniques to disperse MMT into polymers. For thermosetting polymer, mechanical mixing is the most common of the techniques to disperse MMT to a matrix, while heating is excluded. Mechanical technique includes several methods such as mechanical mixing, shear mixing, and ultrasonic mixing.
Ultrasonic irradiation, as a new technology, has been widely used in chemical reactions. When ultrasonic waves pass through a liquid medium, a large number of microbubbles form, grow, and collapse in very short times, about a few microseconds. Ultrasonication generates alternating lowpressure and high-pressure waves in liquids, leading to the formation and violent collapse of small vacuum bubbles. This phenomenon is termed cavitation and causes high-speed impinging liquid jets and strong hydrodynamic shear-forces. These effects are used for the deagglomeration of nanometersize materials. In this aspect, ultrasonication is an alternative to high-speed mixers and agitator bead mills. Ultrasonication has been used as a technique to disperse nanomaterials in different matrices [26] [27] [28] [29] [30] [31] [32] [33] .
In this study, ultrasonication was used to disperse the layered structures of MMT and develop MMT-reinforced PVA adhesives. Such reinforced adhesives can have improved properties. The main objective of this research is to study the feasibility of using ultrasonication as a technique to delaminate MMT layers and use delaminated, that is, exfoliated, MMT as nanoreinforcing filler for PVA. The bond strength of joints glued with newly formulated adhesives was examined under different conditions. Also structures of MMT/PVA composites (film) were evaluated as well.
Experimental

Materials.
A commercial polyvinyl acetate (PVA) was received in liquid form. Nanoclay which is low-cost and the most widely studied nanofiller was used as nanofiller in this study. A hydrophilic nanoclay, namely, Lit. G-105 (polymergrade (PG) montmorillonite) was supplied by Nanocor, Inc., Arlington Heights, IL, USA. The specific gravity and cation-exchange capacity (CEC) of the nanoclay were 2.6 and 145 (meq/100 g), respectively. This commercial brand of nanoclay was chosen as nanoparticles because the past experience [34] has shown that dispersing this type of nanoclay by the high shear mixer in PVA is difficult and did not result in good dispersion. Black spruce (Picea mariana) obtained from trees grown in Québec province was used as a substrate for wood joints.
2.2.
Preparation of Nanoclay/PVA Nanocomposites. Dispersion of nanoclay was conducted by a high-intensity ultrasonic horn (60 kHz, maximum amplitude 100 nm from tip to tip, Branson PG). One-gram nanoclay was added to 20 grams of water, and then the solution was ultrasonicated for 3-5 min. The temperature of the solution was kept below 50 ∘ C to ensure high temperatures due to ultrasonication does not interfere with the results. To maintain the temperature of the mixture below 50 ∘ C, the vessel with the mixture was cooled by means of recirculating ethylene glycol bath. Sonication experiments were carried out with 50% amplitude and a volume of 20 mL of the nanoparticle-water mixture. During ultrasonication, the sonication power was gradually raised while maintaining the temperature of the mixture below 50 ∘ C. A certain amount of the ultrasonicated solution was added to PVA, depending on the percentage of nanoclay in PVA. Percentage of nanoclay in PVA (ranging from 0% to 4%) was based on solid mass of PVA. The mixtures of PVA with nanoclay were mixed for 30 min. For X-ray diffraction (XRD), vapor sorption test, atomic force microscopy (AFM), and transmission electron microscopy (TEM), samples of nanocomposites were prepared by casting the PVA/nanoclay composites on Teflon sheets. Prior to further analyses, the sheets of nanocomposites were allowed to dry at room temperature for two weeks.
Fabrications and Tests of Wood Joints.
Mixed solutions of PVA and nanoclay were used to bond wood samples. A wood species, black spruce, was used as substrate. Prior to gluing, the moisture content of wood was fixed at 12% by conditioning wood to 20 ∘ C and 60% relative humidity for two months. After applying glue on the surface of wood, the samples were pressed in an MTS hydraulic test machine with 50 kN capacity at 2.46 kg/cm 2 pressure for two hours. Before testing, glued samples were conditioned to 20 ∘ C and 60% relative humidity (RH) for two weeks. Twenty samples were tested for each set of formulation.
To evaluate the impact of nanoclay on performance of wood joints, the shear strength of wood joints was measured in dry and wet states, and at an elevated temperature. An MTS hydraulic test machine with 50 kN capacity was used for load application, and the data were acquired by a computer. Wood failure and maximum load were recorded for each test. Bond strength of adhesive in dry-state was studied on wood joints made of black spruce. The block shear tests were carried out according to ASTM D905-98. The sizes of samples for "wet-state" tests were the same as those for dry-state tests. For "wet-state" tests, the samples were taken directly out of the water after being immersed in water for 24 hours. Before the tests, excess water was wiped off from the samples. During the water immersion period, temperature of water was maintained at 23 ± 1 ∘ C. Block shear tests at the elevated temperature were carried out according to ASTM 7247-07. Samples made of black spruce were heated in an oven, having a temperature controller with an integral and derivative (PID) control algorithm, until the temperature in the middle of samples reached 100 ∘ C. On average, it took 30 min to reach 100 ∘ C in the middle of samples. After reaching 100 ∘ C in the middle of samples, the samples were kept at 100 ∘ C for 15 min more, followed by immediate block shear tests. The shear strength of samples was measured by an MTS hydraulic test machine.
Characterization of the Nanoclay/PVA Nanocomposites
Water-Vapor Sorption Analysis.
One of main drawbacks of PVA as a wood adhesive is its vulnerability towards water and high humidity. PVA has low resistance towards water because of two reasons. First reason is the formation of hydrophilic hydroxyl and carboxyl groups during emulsion polymerization. PVA is usually partially hydrolyzed at the polymer branches to form hydrophilic hydroxyl and carboxyl groups appended to the polymer backbone. Second reason for the poor water resistance is the microscopic pores and water-soluble surfactant molecules which remain in the film allowing water-vapor to penetrate into the adhesive film easily [7] . Any decrease in water-vapor absorption of PVA by adding nanoclay results in more durable PVA adhesives. In order to find out the effect of adding nanoclay on response of nanoclay/PVA composites to humid environment, films of pure PVA and its composites were exposed to various humidity levels, and weight gain was monitored. The vapor sorption measurements were carried out at 25 ∘ C with a VTI-SA symmetrical vapor sorption analyzer, TA Instruments. The vapor sorption test was conducted in several steps. Between 7 and 10 mg of sample was placed in the chamber. First, the samples dried at 0% humidity and 25 ∘ C. As the sample weight equilibrated, the sample was exposed to 60%, 70%, 80%, 90%, and 95% RH, in a stepwise fashion, as the sample reached its maximum weight in each humidity level. Overall, the process took about 20 hrs.
X-Ray Diffraction (XRD).
Small-angle X-ray scattering was used to examine efficiency of the ultrasonication technique to increase the distance between the nanoclay platelets. XRD experiments were conducted by an X-ray diffractometer (Siemens/Bruker) (40 kV, 40 mA) using Cu ( = 1.5406Å) as the radiation source. The instrument consists of a Kristalloflex 760 generator, a 3-circle goniometer, and a Hi-Star area detector, and it was equipped with GADDS software. To measure the distance between nanoclay platelets before blending with PVA (powder form), the nanoclay powder was inserted in thin-walled (0.01 mm) glass capillary tubes (1.0 mm diameter). Increasing interlayer spacing is identified by a shift of the diffraction peak to lower angles, according to Bragg's law ( = 2 sin ), leading eventually to featureless patterns (exfoliated structures).
Transmission Electron Microscopy (TEM).
Transmission electron microscopy (TEM) allows a qualitative understanding of the internal structure, spatial distribution and dispersion of the nanoparticles within the polymer matrix, and views of the defect structure through direct visualization. Analyses were performed on a JEOL JEM-1230, transmission electron microscope at 80 kV. TEM specimens, having 50-70 nm thickness, were prepared by ultramicrotoming the nanocomposite samples encapsulated in an epoxy matrix.
Atomic Force Microscopy (AFM).
Atomic force microscopy (AFM) observations were carried out using a NanoScope IIIa, an atomic force microscope (Veeco Instruments, Inc.). AFM measurements were done under ambient air conditions in tapping mode. The sensitivity of the tip deviation and the scanner resolution was 0.1 nm. The resolution was set to 512 lines by 512 pixels for all observations. Two topographic and phase images were obtained within each sample for scan areas of 10 m × 10 m and 50 m × 50 m. Surface roughness was calculated in 50 m × 50 m scan areas, using the classical mean surface roughness parameters and (RMS). The parameters were calculated by the Nanoscope 5.30r3sr3 software as follows:
where is the mean roughness, the arithmetic average of the absolute values of the surface height deviations, and is the root mean square of the height, and in both equations is the current value, ave is the average of the values within the given area, and is the number of points within the given area.
Statistical Analyses.
A one-way analysis of variance model was used to study the effect of nanoclay content on shear strength of wood joints. The general linear model (GLM) procedure of the SAS program was used, and pairwise comparisons were then made using the protected Fisher LSD (least significant difference). 
Results
Bond Strength.
Results of measuring shear strength of wood joints in dry tests are shown in Figure 1 and Table 1 . Although fluctuations caused by varying loading of nanoclay on bond strength were not found significant, all joints with nanoclay in their formulations had improved shear strength. The increase in wood joints strength was between 2% and 7%. The strength of joints showed improvements as nanoclay content increased in the matrix. An increase in bond strength of wood joints could be measured not only in terms of shear strength but also in terms of wood failure under shear load. Inclusion of nanoclay to PVA increased wood failure of wood joints under shear load (Figure 1 ). Higher wood failure in joints having nanoclay in their adhesives means that nanoclay increased the strength of glue line to a level that the strength of glue line surpassed the strength of wood. It has been reported that nanoclay improves the mechanical properties of polymers by optimizing the number of available reinforcing elements for carrying an applied load and deflecting cracks. Also the coupling between the tremendous surface area of the clay and the polymer matrix facilitates stress transfer to the reinforcement phase, allowing for mechanical property improvements [35] [36] [37] [38] [39] . Figure 2 and Table 1 give the values of shear strength after 24-hour exposure of wood joints to water. Water exposure decreased the shear strength of wood joints. The shear strength of joints made of pure PVA decreased drastically, dropping down to one-sixth of dry-state. Adding nanoclay to PVA improved the resistance of glue line towards water. The extent of improvement was between 25% and 64%. Any increase in nanoclay loading in the matrix gave a boost to water resistance of wood joints (at all levels of loading). Positive effects of nanoclay on water resistance can be attributed to better barrier properties of glue line.
Past research shows that nanomaterials can improve the barrier properties of polymers [40] [41] [42] [43] [44] [45] [46] [47] [48] . The better barrier properties are associated to the fact that permeate molecules are forced to follow tortuous pathways, reducing the diffusion coefficients [39, 40] . In addition, the inclusion of nanoclay with layered structures and their adhesion to the polymer generate additional free volume, more likely affecting the polymeric chains located near interfacial regions [45] [46] [47] . Wood failure of joints was affected by adding nanoclay as well. Wood joints bonded with PVA and 2% nanoclay showed small percentage of wood failure under the shear load. The wood failure could be related to good dispersion of nanoclay in PVA matrix.
Values of shear strength of wood joints at 100 ∘ C are given in Figure 3 and Table 1 . Nanoclay had a positive effect on heat resistance of wood joints. The effects were more pronounced at 1% loading (resulting in 96% increase in shear strength at 100 ∘ C). As nanoclay content in the PVA matrix increased, shear strength of wood joints improved at the elevated temperature. The extent of improvement was very significant at 4% nanoclay loading. The PVA with 4% nanoclay had 1.40 times higher shear strength. In our past experience [34] with a high shear mixer, a decrease in shear strength of wood occurred at 4% nanoclay loading because of poor dispersion of nanoclay in the PVA matrix. Such a reduction did not occur in this study where an ultrasonic technique was used to disperse nanoclay particles in PVA. Thus, the results showed that using ultrasonic technique to disperse nanoclay particles in the matrix can enhance the effectiveness of nanoclay particles in the matrix. Confinement of polymer chains in nanoclay galleries, restricting the mobility of polymer chains, and the ability of nanostructure materials to redistribute the deforming action over the volume of the materials have prominent impacts on improving the bond strength at high temperatures [49] [50] [51] . No wood failure was observed in the joints at the elevated temperature.
Water-Vapor Sorption.
Results of vapor sorption tests are given in Figure 4 . The negative values of vapor sorption at the beginning of the tests were related to the fact that the samples lost weight as they were conditioned at 0% RH in the first step of the tests. Such a conditioning continued until the mass loss of samples leveled off. The same procedure was applied to other RH levels. The final values of vapor sorption at 95% RH in which the samples reached saturation points were used to compare the samples performance in the vapor sorption tests. As nanoclay was introduced to the formulation, values of vapor sorption decreased. The extent of decrease in vapor sorption was proportional to nanoclay loading, as the lowest value of vapor sorption was observed at a formulation with 4% nanoclay. The results of vapor sorption tests can explain the water resistance of nanoclay/PVA composites when used a wood adhesive.
X-Ray Diffraction (XRD).
Generally, the crystalline structure of nanoparticles has typically been established using X-ray diffraction (XRD) analysis and transmission electron microscopy (TEM). Due to its relative easiness and availability, XRD is most commonly used to probe the nanocomposite structure and occasionally to study the kinetics of the polymer melt intercalation. XRD is used to probe alterations in the order of silicates by monitoring the position, shape, and intensity of their basal reflections. For an intercalated structure, the (0 0 1) characteristic peak tends to shift to lower-angle regime due to the expansion of the basal spacing. Although the layer spacing increases, there still exists an attractive force between the silicate layers to stack them in an ordered structure. In contrast, no peaks are observed in the XRD pattern of exfoliated polymer nanocomposites due to loss of the structural registry of the layers. Figure 5 presents the X-ray diffraction profiles of pure PVA, pure nanoclay, and their nanocomposites prepared at different nanoclay loadings. Bragg's equation was used to calculate basal spacings of nanoclay from the XRD peak position. Nanoclay in pure forms had two peaks at 1.2 ∘ and 6 Journal of Nanomaterials 6.7 ∘ . The intensity of peak at 1.2 ∘ is higher than the other. According to Bragg's equation, the distances between clay platelets were 7.36 nm and 1.32 nm. After mixing nanoclay with PVA at different loadings, both peaks disappeared. In fact, X-ray diffraction profiles of PVA nanocomposites with different amounts of nanoclay are like those of pure PVA. According to the definition of exfoliated structure, exfoliation is achieved when the individual montmorillonite platelets no longer exhibit an XRD deflection; it can be concluded that an exfoliated structure was achieved in all studied cases. It should be noted that it is very hard to draw any conclusion on structures of nanocomposites solely according to the results of XRD as some layered silicates initially do not exhibit well-defined basal reflections. Thus, peak broadening and intensity decreases are very difficult to study systematically. Therefore, conclusions concerning the mechanism of nanocomposites formation and their structure based solely on XRD patterns are only tentative. On the other hand, TEM allows a qualitative understanding of the internal structure, spatial distribution and dispersion of the nanoparticles within the polymer matrix, and views of the defect structure through direct visualization. Figure 6 shows the TEM images for nanocomposites containing nanoclay. Adding nanoclay at 1% and 2% loadings led to good dispersion of nanoclay in matrix. The distance between nanoclay platelets was increased, and the polymer chains entered between the platelets space. This nanostructure is referred to as exfoliated structure, giving superior properties to nanocomposites. As can be seen in Figure 6 (c), nanocomposite with 4% is composed mostly of intercalated structure with very large aggregates or tactoids in the order of several tens of silicate layers. Intercalated structure is not considered an ideal structure for a nanocomposite, and it does not grant the nanocomposites with superior properties as exfoliated structure does. As observed in measuring bond strength (in dry condition and at the elevated temperature), adding nanoclay at 1% and 2% loadings gave a significant boost to the properties, but improvement of the properties at 4% content was not much different than with nanocomposites with 1% and 2% nanoclays. This phenomenon should be related to difficulty of dispersing nanoclay in matrix at high loadings.
Transmission Electron Microscopy (TEM).
Past research has shown that there is a direct linkage between properties of nanocomposites and quality of nanoclay dispersion [52] [53] [54] [55] [56] [57] . In fact, the extent of improvement, as result of adding nanoclay, cannot be solely proportional to nanoclay loading because of difficulty in obtaining good dispersion at high loading.
Atomic Force Microscopy (AFM).
Although XRD and TEM are used to study the quality of nanoclay dispersion in the polymer, problems involving XRD measurements (for example, some layered silicates initially do not exhibit welldefined basal reflections) and subjectivity of TEM observations raise some questions regarding the results obtained by XRD and TEM. In order to draw a firm conclusion on structure of nanocomposites, a quantitative technique should be used. In this study, atomic force microscopy (AFM) was used to determine the effects of adding nanoclay on PVA surface structure. The AFM images for pure PVA and its composites are presented in Figure 7 . Pure PVA had a smooth surface as it had low roughness values. As nanoclay was added to the matrix, a reorganized surface was observed. The reorganization became more notable as nanoclay loading in the matrix increased. At 4% nanoclay loading, the surface of PVA film totally reorganized as a big increase in roughness values was detected although this roughness is still too small to be detected by human eye or resulted in light diffusion.
The results of this study show that the ultrasonication technique is an effective way to disperse nanoclay in the Journal of Nanomaterials PVA matrix. The extent of improvement on PVA performance as a wood adhesive was superior or at least similar to that obtained by high-speed mixing [34] . When a high-speed mixer was used to disperse nanoclay at a high loading (4%) in the matrix, a remarkable reduction was observed in the improvement gained by adding nanoclay. Such a reduction was not observed in the case of ultrasonic technique. Although adding 4% nanoclay to the PVA matrix resulted in an intercalated structure, nanoclay did increase the shear strength of wood joints in humid conditions and at the elevated temperature. The results show that ultrasonic technique is very efficient in dispersing nanoclay especially at high loadings, contrary to the high shear speed mixer. Highspeed mixing could disperse nanoclay in the PVA only at low loadings and increased bond strength of PVA in different conditions. High-speed mixing has some disadvantages: possible damage to PVA emulsion (because of strong shear force used during the mixing), high cost, and high energy consumption. By contrast, ultrasonication technique has minimum negative impact on PVA emulsion. Moreover, ultrasonication technique is economical as ultrasonic mixing could take place before production of PVA and the solution containing nanoclay can be added to PVA during the production process. By considering the results obtained from this paper and our previous work [34] and by considering the advantages of ultrasonication technique over high-speed mixing, adding nanoclay to PVA in an industrial scale seems feasible and can be recommended to wood adhesive manufacturers.
Conclusions
The results of this study showed that ultrasonication technique is efficient in dispersing nanoclay in PVA at low (1% and 2%) and high (4%) loadings. Bond strength of newly formulated adhesives measured on block shear samples increased in wet conditions and at the elevated temperature. In drystate, the positive effects of nanoclay on strength of glue line could be observed in terms of wood failure percentage. The strength of glue line was so high that some failure occurred in wood rather than in glue line. Improved barrier properties strengthened the resistance of glue line towards water, and subsequently significant increase was observed in bond strength in the wet-state. Contrary to the results obtained from dry condition, the extent of improvement on bond strength in wet-state was proportional to nanoclay loading. Bond strength of PVA at the elevated temperature was also affected by adding nanoclay. As nanoclay loading in the PVA matrix increased, the shear strength of wood joints at the elevated temperature improved, despite the fact that the biggest gain in the shear strength was observed at 1% nanoclay loading. Vapor sorption tests displayed that nanoclay reduced vapor sorption of the matrix, explaining higher water resistance of glue line having nanoclay in their formulations. The morphological studies of nanocomposites revealed that the fluctuations observed in bond strength tests were related to dispersion quality of nanoclay in the matrix (PVA). AFM proved that it is a credible technique to examine the quality of dispersion as the results of AFM fully conformed to the TEM observations. At low loadings (1% and 2%), an exfoliated structure is achieved, causing a significant improvement on PVA properties. At high loading (4%), a coexistence of exfoliation and intercalation was observed, and so improvements on the shear strength of wood joints were achieved to a lesser extent.
